A new one-dimensional (1D) antiferromagnetic transition metal hybrid fluoride CoF 2 (H 2 O) 2 (pyz) (pyz = pyrazine) together with two new isostructural MF 2 (H 2 O) 2 (pyz) (M = Ni 2+ , Zn 2+ ) have been successfully synthesized by the hydrothermal method. Their structures were determined by single crystal X-ray diffraction and they all crystallize in the same space group of C2/m. The magnetic property of CoF 2 (H 2 O) 2 (pyz) 1 was measured and discussed. The Weiss constant of −20.6 K indicates dominant antiferromagnetic interaction and the effective magnetic moment of about 5.66 μ B suggests large unquenched orbital contribution and anisotropy in 1. The quantum fluctuations in the quasi-1D antiferromagnet of 1 prevent the appearance of long range magnetic order until 2.9 K, suggesting good 1D magnetism.
INTRODUCTION
Low dimensional quantum magnets are of great interest owing to the exotic quantum phenomena like spin liquid state, the relation to the high-temperature superconductivity and the potential application in quantum computing [1] [2] [3] [4] [5] [6] . As the simple low dimensional quantum magnets, one-dimensional (1D) magnets have been firstly studied. Comparing to the single chain magnets or single molecule magnets requiring ferromagnetic interaction for magnetic relaxation, the 1D Heisenberg antiferromagnetic (AFM) spin chains have also been extensively investigated for their intriguing phenomena such as spin-charge separation, quantum disordered state and high-temperature superconductivity [7] [8] [9] . To experimentally realize ideal 1D magnets (J΄/J << 1), the interchain interaction J΄ need be negligible besides strong intrachain interaction J. The [10] [11] [12] . Also, the fluorine plays an important role in the regulation of structure, magnetic and optical properties [13] [14] [15] .
In addition, it is recently reported that the organic molecule could be more efficient to separate spin chains with negligible interchain interaction J΄ for experimentally realizing the nearly ideal 1D S = 5/2 antiferromagnet (4,4΄-bpy)FeF 3 (4,4΄-bpy = 4,4΄-bipyridyl) [15] .
Besides the organic molecule of 4,4΄-bipyridyl, pyrazine (pyz) has also been widely used as bridging ligands for targeting novel low-dimensional antiferromagnets such as Cu(pyz)(NO 3 ) 2 , [CuX(pyz) 2 ](BF 4 ) (X = Cl, Br), Cu(HF 2 )-(pyz) 2 BF 4 , Cu(HCO 2 ) 2 (pyz), and [Ni(HF 2 )(3-Clpy) 4 ]BF 4 (py = pyridine) [16] [17] [18] [19] [20] . However, most of them are focused on copper-based compounds with S = 1/2. For the low-dimensional antiferromagnets with magnetic ion of Cu 2+ in octahedron environment, the magnetic orbital d x y 2 2 is oriented in the equatorial CuL 4 (L = ligand) plane, perpendicular to the elongated Jahn-Teller (JT) axis with d z 2 orbital. The unique magnetic orbital d x y 2 2 of Cu 2+ which could be easily determined based on elongated z axis makes it easier to study magnetic properties of copper-based low-dimensional antiferromagnets with S = 1/2, even under successive change of external environment. For example, magnetic properties of CuF 2 -(H 2 O) 2 (pyz) under pressure have been studied because the JT axis (z axis) could be reoriented under pressure, which was from along Cu-N bonds under ambient pressure to be reoriented along Cu-O bonds then along Cu-F bonds with the increase of pressure [21, 22] . To intensively investigate more low-dimensional antiferromagnets with the pyrazine molecule, it is crucial to experimentally realize 1D AFM spin chain systems with other spin values such as S = 1 or 3/2 besides for S = 1/2. Thus, in this work, we have hydrothermally targeted two new 1D AFM chain compounds MF 2 (H 2 O) 2 (pyz) (M = Co 2+ , Ni 2+ ), one is with S = 3/2 and another is with S = 1.
The magnetic properties of CoF 2 (H 2 O) 2 (pyz) are measured and discussed.
EXPERIMENTAL SECTION

Caution
Hydrofluoric acid (HF) is toxic and corrosive! It must be handled with extreme caution and appropriate protective gear [23] [24] [25] .
Synthesis
Cobalt(II) nitrate hexahydrate (Co(NO 3 ) 2 ·6H 2 O, 99%, aladdin), nickel oxide (NiO, 99%, aladdin), zinc oxide (ZnO, 99%, aladdin), pyrazine (C 4 H 4 N 2 , 98%, aladdin), and aqueous HF (>40.0% HF by weight, aladdin) were used as received. All reagents were sealed with a sealer in Teflon pouches made as described previously, which has been widely used in Poeppelmeier's group [26] [27] [28] [29] [30] . And then the Teflon pouches were placed into a 120 mL autoclave (Fuzhou Fuleisi co.) with a backfill of 40 mL distilled water. The autoclave was quickly heated to 200°C, held at this temperature for 24 h and cooled to ambient temperature for 30 h. CoF 2 (H 2 O) 2 (pyz) 1. Single crystals of CoF 2 (H 2 O) 2 (pyz) 1 were synthesized as described above with 0.300 g (1.03 mmol) of Co(NO 3 ) 2 ·6H 2 O, 0.400 g (5 mmol) of pyrazine, 0.8 mL (~22.08 mmol) of 40% aqueous HF. A small amount of orange single crystals were recovered in air after vacuum filtration for single crystal X-ray diffraction (XRD) and magnetic susceptibility measurement.
Green single crystals of NiF 2 (H 2 O) 2 (pyz) 2 were synthesized as described above with 0.200 g (2.68 mmol) of NiO, 0.400 g (5 mmol) of pyrazine, 0.8 mL (~22.08 mmol) of 40% aqueous HF. After vacuum filtration in air, very tiny green single crystals selected from black powder were only suitable for single crystal XRD.
ZnF 2 (H 2 O) 2 (pyz) 3. Colorless single crystals of ZnF 2 (H 2 O) 2 (pyz) 3 were synthesized as described above with 0.200 g (2.46 mmol) of ZnO, 0.400 g (5 mmol) of pyrazine, 0.8 mL (~22.08 mmol) of 40% aqueous HF. Very tiny colorless single crystals were recovered in air after vacuum filtration for single crystal XRD.
Crystallographic determination
Single crystal XRD experiments were conducted on a Rigaku X-ray diffractometer with Mo Kα radiation (λ = 0.71073 Å) at 123 K for 1, and 296 K for 2 and 3. The structures were determined by direct methods, completed by Fourier difference syntheses with SIR97 [31] , and refined using SHELXL-2018 [32] . Additional symmetry elements were checked using the program PLATON [33] . Crystallographic data are reported in Table 1 .
Magnetometer
A Quantum Design superconducting quantum interference device (SQUID) magnetometer was used to collect direct-current (DC) magnetic susceptibility data for 1 at 0.1 T in the range of 2-350 and 1.85-20 K. A small amount of single crystals were ground into fine powder and loaded into Al foil then inserted into a straw to connect magnetic property measurement system (MPMS) stick for magnetic measurements. (Table 2 ) [36] . Other bond lengths for 1-3 are summarized in Table 2 .
RESULTS
Crystal structures
Magnetic properties
The temperature dependence of magnetization of 1 was firstly measured within 2-350 K, as shown in Fig. 2a . The curve of magnetic susceptibility χ increasing with the decrease of temperature is similar with conventional paramagnetic behavior. Then it seems to appear decreasing at low temperature, which may suggest a long range magnetic order (LRO). To confirm this peak Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . anomaly, more magnetic susceptibility data points were then collected between 1.8 and 20 K. As shown in Fig. 2b , the peak around 2.9 K suggesting a LRO was clearly observed. A Curie-Weiss fitting in a high temperature range (100-350 K) ( Fig. 2c) was applied, yielding the effective magnetic moment of P eff = 5.66(1) μ B and the Weiss temperature of θ = -20.6(1) K. The negative Weiss constant indicates that the dominant magnetic interaction in 1 is AFM, which is also moderately-strong for S = 3/2. The larger P eff suggests unquenched orbital contribution, which have been usually observed in other reported Co 2+ compounds [34, [37] [38] [39] . Compared with the theoretical value of 5.40 μ B for spin and orbital angular momenta, the high anisotropy (g > 2) may be proposed in the 1D chain structure of 1 based on the large value of P eff . In Fig. 2d , the susceptibility temperature product χT value was 3.77 emu K mol −1 at 350 K which is larger than the spinonly value owing to the aforementioned large orbital contribution. It slowly decreased to 3.32 emu K mol −1 around 100 K, then rapidly decreased toward zero upon further cooling owing to enhanced AFM correlations between Co 2+ sites, which further confirmed the dominant antiferromagnetic interactions in 1 as mentioned above.
SCIENCE CHINA
DISCUSSION
The energy levels ( 4 F) of a single Co 2+ ion with 3d 7 electronic configuration are split into three terms in an ideal octahedra environment (O h ) with the ground state of triplet state 4 T 1g . Due to the triplet nature of the ground state 4 T 1g , unquenched orbital contribution is exhibited [35] . Thus, larger effective magnetic moments are usually observed experimentally in the compounds with Co 2+ in high spin state [34, [37] [38] [39] . Consistently, the effective magnetic moment P eff in 1 in this work is produced as 5.66 μ B from the magnetic susceptibility date in the high temperature region, which is reasonably expected to be larger than the spin only value of 3.87 μ B for free high spin state of Co 2+ . Meanwhile, the strong magnetic anisotropy could be induced by this orbital contribution to the effective magnetic moment together with the presence of the ligand field [34] . Moreover, the slightly larger distortion of CoF 2 N 2 O 2 octahedra which may further lift the ground state of 4 T 1g and one dimensionality in 1 could also lead to the larger anisotropy. These could be another reason for the slightly larger effective magnetic moment P eff than those in other reported Co 2+ compounds. Now let's discuss the low temperature magnetic behavior. In 1, the intrachain interaction J in the linear chain along the c axis is through Co-pyz-Co with the shortest intrachain Co···Co distance of 7.149(6) Å (Fig. 1a ). Because the antiferromagnetic interaction should be strongest when the path is linear [19, 40] , this intrachain interaction J should be antiferromagnetic and strong. While the interchain interaction J΄ along the ab plane is through Co-(F···H-O) 2 -Co with the shortest interchain Co···Co distance of 5.233(3) Å (Fig. 1b) . Compared with the magnetic interaction through ligand covalently-bonded to the magnetic ion, the magnetic interaction through hydrogen bonding with more atoms should be weaker, in particular the Co-(F···H-O) 2 -Co bridge in 1 is in the more orthogonality way. Given to the abovementioned reason, 1 should exhibit as a 1D chain model in which the Co-pyz-Co chains along the c axis are separated by hydrogen bonding in the ab plane. The 1D nature would enhance the quantum fluctuations and prevent the conventional 3D long range magnetic order. This is confirmed by the experimental data. Based on the magnetic susceptibility results, no LRO is observed until 2.9 K in 1.
If we calculate the ratio of |T N /θ|, the value of 0.14 is pretty small, which could further confirm the good 1D magnetism in 1.
To further investigate the origin of magnetic properties of 1 with S = 3/2, it is necessary to perform more experiments such as heat capacity at various magnetic field and electron spin resonance (ESR) experiments at low and high magnetic fields, which are in progress in Wuhan National High Magnetic Field Center.
CONCLUSION
Three new 1D hybrid fluorides MF 2 (H 2 O) 2 (pyz) (M = Co 2+ , Cu 2+ , Zn 2+ ) have been hydrothermally synthesized and structurally characterized. The magnetic susceptibility results of CoF 2 (H 2 O) 2 (pyz) suggest, owing to strong 1D quantum fluctuations, no conventional 3D long range antiferromagnetic order was observed until 2.9 K, indicating good 1D magnetism in nature in CoF 2 -(H 2 O) 2 (pyz). This work provides more experimental models of 1D AFM chains with different spin values of S = 3/2 and S = 1 for further study about quantum magnetism.
